India's national research and development (R&D) programs are managed primarily by the Department of Science and Technology (DST) and affiliated science and technology councils. Currently, under the 11 th This report outlines India's current activities and future plans in building energy efficiency R&D and deployment, and maps them with R&D activities under the Department of Energy's Building Technologies Program. The assessment, conducted by the Pacific Northwest National Laboratory in FY10, reviews major R&D programs in India including programs under the 11 Five-Year Plan (2007-2012, India has developed the National Energy Efficiency R&D Plan and a related National Energy Fund (NEF). Building energy efficiency, solar energy and solid state lighting (SSL) are included as research priorities. The Council of Scientific and Industrial Research (CSIR), as the manager of India's national laboratories, also identifies its research priorities through national R&D programs. The national R&D program includes work on commercialization and market transformation mechanisms. In terms of international collaboration, India is actively participating in International Energy Agency's (IEA) implementing agreements on demand-side management, and building and community systems. There are also bilateral collaborations with the European Union, United States, China and other nations. The United States and India have several parallel areas of research. The Indian Government has placed priority in its R&D program on solar energy and SSL. In addition, India has multiple programs to deploy energy-efficient building technologies in both the residential and commercial sectors. India's R&D priorities are linked to its social, climatic, and energy circumstances, as India has large rural areas in hot climates that lack basic power supply.
IEA
International 
Overview of Building Energy Consumption in India
India has seen significant economic growth in recent years. In 2007, the gross domestic product reached $1.1 trillion on a nominal basis (IMF 2008) . At the same time, energy consumption has also increased quickly. India was the fifth largest energy consumer in 2006, and its carbon emissions account for 4.4% of the global total that year (EIA 2008) . Demand for office space in India is driven by the growth of the service sector. A conservative estimate of the rate of increase in office space in India is approximately 55 million square feet/year (Mathur 2007 1.2 that they would bear the costs while tenants would enjoy benefits (Mathur 2007) . Energy consumption in the commercial building sector is 5.6% of total energy consumption (Misra 2006 ). DST has set up an autonomous body, the Technology Information, Forecasting and Assessment Council (TIFAC), to prepare technology forecasts, assessments, and market surveys. TIFAC previously carried out a program called "Technology Vision for India up to 2020" to provide insights to the government in setting national science and technology initiatives. DST has also built other facilities to facilitate R&D such as the Center of Relevance and Excellence and the Patent Facilitating Center. The national program focuses on the following areas: energy-efficient buildings and building components (such as energy-efficient windows, low-cost insulation materials, and simulation software) and energy-efficient appliances (such as energy-efficient ceiling fans, very low-energy consumption circuits for stand-by power, and low-cost light emitting diodes (LED)-based lamps). Five-Year Plan (2007 -2012 , the objective of the energy efficiency R&D program is to "enable, develop, and support the testing and marketing of energy-efficient products and their adoption in enterprises and households". The strategic approach is to create "consortia of product developers and product users together with organizations that can provide the research and engineering skills necessary to develop/upgrade products". The national program would support the incremental costs of product development and product developers and users would bear the majority of costs and reap the benefits of it (Office of the Principal Scientific Advisor 2006a).
India R&D Structure

1.3
In 2001, the Government of India (GOI) created the Bureau of Energy Efficiency (BEE) to institutionalize the promotion of energy efficiency and building energy efficiency. BEE focuses on deployment, which can help commercialization.
The TERI, with sponsorship from HSBC bank, is preparing a comparative study on global building benchmarks that will identify gaps and establish potential areas for R&D investment in various technologies and Indian specific standards (TERI 2009).
Funding
The GOI sets up a National Energy Fund (NEF) to finance R&D on energy and energy efficiency. In the 11 th The NEF levies a tax (at least 0.4% of turnover of a company) on all companies engaged in primary and secondary energy production with annual turnover above Rs. 1 billion (about $25 million Five-Year plan, the NEF commissions and funds energy-related R&D in 13 areas, including building energy efficiency and LED. The fund is to support a range of collaborations between institutions in India and to set up research Center of Excellence focused on energy technologies (Planning Commission GOI 2008). 
Current R&D Programs and Activities for Buildings
Currently, most activities to improve energy efficiency in residential and commercial buildings focus on deployment. The programs underway, either in national plans or through international collaboration, are to identify policies, measures, techniques, and programs to make energy-saving retrofits in existing buildings, and to better implement energy conservation technologies in new buildings. There are also efforts collaborating with the Asia Pacific Partnership on Clean Development and Climate (APP) to harmonize test procedures of appliances.
The R&D activities focus primarily on LED and solar energy. These activities are not listed in the building category but as separate programs under the 11 th
Solid State Lighting
Five-Year Plan. The Jawaharlal Nehru National Solar Mission is a long-term national program, from 2009 to 2022, to advance solar energy R&D in India. India also has few R&D activities on energy efficient appliances -ceiling fans and standby power.
Background
Currently, India has several national programs to provide solid-state lamps to villages. The Lighting a Billion Lives program, a collaboration of TERI and the Asian Development Bank, is to develop new methodologies and approaches, and to support demonstration projects that are scalable and replicable and/or designed to lead to large-scale programs that will have significant long-term impacts on increasing household access to energy. The project aims to provide access to lighting facilities to about 1500 households, which translates to reaching 30-40 villages. Domestically, the National Thermal Power Corporation Limited (NTPC) is planning to electrify and adapt SSL-based lamps in thousands of villages in the next five years under the Rajiv Gandhi Grameen Vidyuktikaran Yojana. The plan is to deploy tens of millions of solid-state lamps.
LED/OLED R&D in General
Key Stakeholders: Office of the Scientific Advisor to the Government of India, NTPC, Society for Integrated Circuit Technology and Applied Research (SITAR), and Bharat Electronics Limited (BEL).
Background and Current Problems: India, at present, is more successful in system-level development with imported LED chips, whereas wafer manufacturing is only at the research level addressing very limited issues of wafer fabrication. The LED chips are imported primarily from the United States and Taiwan, and Kwality Photonics Pvt. Ltd., Hyderabad, is one of the private companies involved in this. . BEL is also interested in setting up a facility to manufacture white spectrum LEDs in the country. In 2007, BEL and CREE signed a Memorandum of Understanding (MoU) for cooperation in this area.
Research focus: During the 11th Five-Year Plan, the R&D program would seek to bring together manufacturers of lamps and luminaries, lighting engineers, and building developers to develop a wide variety of luminare-lamp configurations and to test the lighting performance of these prototypes in pilot buildings.
2.2
The NTPC and SITAR are contemplating establishing a vertically integrated LED manufacturing facility in India to avoid importing processed wafers and to form a joint venture company to launch production of LEDs and SSL lamps. However, they have not disclosed whether the manufacturing facility would use Indian or licensed technologies.
Funding: The NEF LED program will budget 10 billion (about $250 million) to develop and commercialize core LED and OLED technologies, and set up a LED manufacturing facility in the country (Office of the Principal Scientific Advisor 2006a). In addition, the NEF energy efficiency program will budget Rs. 100 million (about $2.5 million) to develop, install, and test the energy-efficient lighting systems.
Source: Office of the Principal Scientific Advisor 2006a.
Fabrication of LED Devices and Systems for Solid State Lighting Applications
In CSIR's R&D plans, there are several activities related to SSL research. Fabrication of LED devices and systems is one of priorities in the electronics, photonics and instrumentation area. Functional organic materials for energy-efficient devices, described in the next section, are one of priorities in the energy resource and technology research area. Research focus: To develop technology for the growth of gallium nitride material and fabrication of LED devices using the grown material to develop prototype SSL sources.
Envisaged outcomes/outputs:
• III-V epilayers on suitable substrates with defined specifications
• Growth of high-quality doped epitaxial multi-layers
• Deposition of organic multi-layers suitable for OLED
• LEDs of defined specifications
• Development of standards (measurement protocols)
• Development of suitable display, automotive and lighting systems for direct applications. 
Functional Organic Materials for Energy-efficient Devices
Principal investigator(s): Regional Research Laboratory, Trivendrum; National Chemical Laboratory, Pune; Central Leather Research Institute, Madras.
2.3
Background: Various chemical laboratories of CSIR have been involved in the synthesis of conjugated conducting polymers materials that may find uses in photonic, electronic and optoelectronic devices. The objective of the proposed work is to develop novel, functional organic materials, dyes, and photochromic systems that can be used for a variety of photonic and electronic applications such as photovoltaic devices, LEDs, imaging systems and optical memory discs, and optical switches.
Research Focus: To develop novel functional organic materials, dyes and photo-chromic systems, for use in a variety of photonic and electronic applications such as photovoltaic devices, light emitting diodes, imaging systems and optical memory discs and optical switches.
Envisaged Outcomes/Outputs: Development of functional organic materials, dyes, and photochromics for photonic and electronic applications. 
Mapping to the U.S. Department of Energy's Building Technology Program Multi-Year Project Plans
To understand potential synergies between Indian and U.S. R&D on building energy technologies, we have mapped Indian R&D to the priority tasks listed in BTP's Multi-Year Project Plans (MYPPs). The results are summarized in the table below. During the 11th Five-Year Plan, the program would seek to bring together manufactures of lamps and luminaries, lighting engineers, and building developers to develop a wide variety of luminare-lamp configurations and to test the lighting performance of these prototypes in pilot buildings. The lighting performance of the high-quality, low-cost lamps would be disseminated through training programs to architects and lighting engineers. India focuses on independent manufacturing facilities and mass production for rapid increase in supply. However, wafer manufacturing is only at research level addressing very limited issues of wafer fabrication. To pursue joint R&D and technology transfer, the GOI signed an MoU with Cree but details of the collaboration were not released.
Building Envelopes and Windows
India has engaged in research activities on Phase Change Materials (PCMs) for some time. Although there is little recent public data on research activities and tasks, India does produce PCMs. There was an extensive demonstration project on PCM-based thermal storage system for building air conditioning at Tidel Park, Chennai.
Although not listed clearly in the program, India tends to have strong interest in cool roofs due to its largely tropical areas. In 2007, the United States Agency for International Development worked with IITHyderabad on this topic; there is a testing program in Hyderabad to demonstrate the effectiveness of cool roofs in India.
India also uses solar energy technologies in building envelopes to improve building energy efficiency. These include the development of concepts of solar/green buildings (e.g., green walls, smart windows) and the development of test protocols and design of test set-ups.
In terms of windows, the GOI did not identify specific technologies in its national program. It listed the activities and targets in general: develop, test, and adopt energy-efficient windows. The program would support product testing and the adoption of prototypes in pilot buildings together with monitoring and evaluation of their operating effectiveness. Information on the performance of the products would be widely disseminated among potential users (architects and developers) to promote greater adoption of efficient windows. NEF plans to allocate Rs. 220 million (about $5.5 million) to the development of lowcost insulation (Office of the Principal Scientific Advisor 2006a).
Solar Energy
Background
India is endowed with vast solar energy potential. About 5,000 trillion kWh per year of solar energy is incident over India's land area with most parts receiving 4-7 kWh per square meters per day (MNRE 2009). However, solar energy use in India has been constrained by cost, availability of space, and effective storage.
Under the 11 th Five-Year Plan and Jawaharlal Nehru National Solar Mission (2009-2022) 2 , solar energy became of the focus of a major R&D initiative of the GOI and state governments. Solar energy in buildings is one of the major applications. The long-term goal of solar energy research is to create conditions, through rapid scale-up of capacity and technological innovation, to drive down costs towards grid parity. The 11 th 2 For details, please refer to Appendix B.
Five-Year Plan emphasizes deployment of solar energy applications in the following areas: solar passive architecture, solar thermal systems/devices, solar water heating, and renewable energy and energy-efficient buildings.
2.5
National Solar R&D Program in India
R&D Aim: To accelerate on-going R&D efforts on different aspects of solar energy technologies with the objectives of improving the efficiency and system performance, and reducing the cost.
R&D thrust areas include:
• Development of storage systems (including molten salts with lower freezing temperatures and PCMs)
• Development of heliostats with automatic tracking controls
• Development of advanced solar systems for cooling (space cooling, cold storage, and refrigerators)
• Development of other solar thermal applications ( i.e. innovative designs for solar cooking, solar air heating, and drying applications) (Kumar 2010) 
Tasks
Low-temperature Applications Solar cooling: Design and development of a solar air conditioning system for residential applications. The target cooling capacity is 5-10 kW with a coefficient of performance (COP) of 0.6 or higher. Design and development of a double effect absorption chiller driven by high-efficiency concentrating solar collectors for institutional applications. The capacity of these systems could be 15 kW and higher. The target COP is 1.2 or higher.
Solar thermal materials/devices: Development of advanced glazing for windows for industrial production in the country. Development of advanced selective coatings suitable for applications in the temperature range of 300 -600 degrees C. Development of polymer-based, low-cost materials for various solar thermal applications.
Testing, Certificate and Code
Ensure the introduction of an effective mechanism to certify and rate manufacturers of solar thermal applications. Make solar heaters mandatory through building bylaws and incorporation in the National Building Code. Support the upgrading of technologies and manufacturing capacities through soft loans to achieve higher efficiencies and cost reductions.
A greater thrust is required to develop standards, testing, and certification of solar thermal systems. Such standards need to be referenced under in the ECBC, where applicable.
R&D Activities in Solar Energy Center, Ministry of New and Renewable Energy
Below are the R&D projects, which the Ministry of New and Renewable Energy's Solar Energy Center (MNRN n.d.) is responsible for. Since the date is not indicated by the center, some projects below might be complete.
Solar Cooling for Urban and Remote Rural Applications
With financial support from MNRE, TERI started a project in April 2009 to develop a combined solar biomass based cooling system. The system is designed for village-level cool storage with electricity supply applications, and for urban residential/office space cooling applications. MNRE, GOI, and the Government of Australia and Sustainability Victoria, Australia are jointly financing this project. The project implementers include TERI, MNRE's Solar Energy Center and Australia's Commonwealth Scientific and Industrial Research Organization (CSIRO), with Thermax India and Rannie Australia serving as industry partners.
Energy Efficient Appliances
Ceiling Fans
India is the largest producer and user of ceiling fans. The current technological platform, based on an induction motor-capacitor system, is reaching the limits of efficiency as measured in terms of volumetric airflow delivered by the fan for each watt of electrical power.
During the 11 th
Standby Power
Five-Year Plan, the R&D program will focus on the development and testing of alternate technological platforms (based on DC motors or linear motors for energy-efficient ceiling fans). The program will bring together a consortium of ceiling fan manufacturers and R&D institutions to develop and test a range of prototypes based on advanced electric power technologies combined with electronic power management systems. Reliable and robust prototypes would be further supported for long-term monitoring and evaluation of tests. NEF will budget Rs. 500 million (about $12.5 million) for the development and testing of energy-efficient ceiling fans.
Under 11th Five-Year Plan, India initiated R&D on standby power. To address the increasing use of standby power in offices and households, the program would develop low-cost electronic circuits that reduce the standby power demand of office and household appliances to less than 0.5 watt. In addition, a consortium of manufacturers and R&D organizations would design and test the energy performance and long-term reliability of advanced circuits, which would have low energy consumption. The NEF plans to budget Rs. 500 million (about $12.5 million) to develop appliances and circuits with low standby power demand (Office of the Principal Scientific Advisor 2006a).
3.1
Conclusions
India has a well-developed R&D infrastructure. Several institutes conduct research on energy efficiency in buildings, including CSIR, TERI and IIT. The national building research program focuses more on deployment programs rather than new technology R&D, but at the same time, there are ongoing R&D programs to develop new SSL and solar energy technologies.
India's SSL research includes programs on new materials, controls and manufacturing processes. Indian institutions have also begun to build manufacturing capacity for LED products. The market for LED products in India has grown considerably, a trend facilitated by large government procurements.
The Indian government also has a national mission on solar energy research that includes buildingrelated solar technologies. India's climatic conditions favor the use of solar energy in buildings, which creates a large potential market for solar energy installations. Currently, there are national and state programs working on deploying solar energy technologies, with additional programs proposed. Indian R&D on solar energy focuses on storage systems, advanced systems for cooling and other solar thermal applications like solar cookers.
There are many synergies between Indian and U.S. research on building energy technologies. Both countries work on deployment programs and conduct research on ways to build markets for these technologies. While the U.S. has a broader suite of R&D programs on building energy technologies, both countries have active programs on SSL and solar energy. These areas of synergy may create fertile ground for collaboration on technology deployment mechanisms and new technology development.
